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ABSTRACT
Dwarf spheroidal galaxies (dSphs) are extremely gas-poor, dark matter-dominated galaxies,
which make them ideal to test the predictions of the cold dark matter (CDM) model. We ar-
gue that the removal of the baryonic component from gas-rich dwarf irregular galaxies, the
progenitors of dSphs, can substantially reduce their central density. Thus, it may play an im-
portant role in alleviating one of the problems of the CDM model related to the structure
of relatively massive satellite galaxies of the Milky Way (MW). Traditionally, collisionless
cosmological N-body simulations are used when confronting theoretical predictions with ob-
servations. However, these simulations assume that the baryon fraction everywhere in the
Universe is equal to the cosmic mean, an assumption which is incorrect for dSphs. We find
that the combination of (i) the lower baryon fraction in dSphs compared to the cosmic mean
and (ii) the concentration of baryons in the inner part of the MW halo can go a long way
towards explaining the observed circular velocity profiles of dSphs. We perform controlled
numerical simulations that mimic the effects of baryons. From these we find that the blowing
away of baryons by ram pressure, when the dwarfs fall into larger galaxies, decreases the cir-
cular velocity profile of the satellite and reduces the density in the central ∼200–500 pc by
a factor of (1 − fb)4 ≈ 0.5, where fb is the cosmological fraction of baryons. Additionally,
the enhanced baryonic mass in the central regions of the parent galaxy generates tidal forces,
which are larger than those experienced by subhaloes in traditional N-body simulations. In-
creased tidal forces substantially alter circular velocity profiles for satellites with pericentres
less than 50 kpc. We show that these two effects are strong enough to bring the predictions of
subhaloes from CDM simulations into agreement with the observed structure of MW dSphs,
regardless of the details of the baryonic processes.
Key words: methods: numerical – galaxies: dwarf – galaxies: haloes – galaxies: evolution –
cosmology: theory – dark matter.
1 INTRODUCTION
According to the concordance cosmological model, a large frac-
tion of the matter in the Universe is collisionless and dark. This
Cold Dark Matter (CDM) model is supported by observations of
large-scale structure as traced by galaxies and the emergence of this
structure from initial density fluctuations, as observed in the cos-
mic microwave background (e.g., Komatsu et al. 2011). However,
inconsistencies between a number of observations and the predic-
tions of the CDM model on small (galactic) scales have understand-
ably produced concern and attracted a great deal of attention from
both observers and theorists.
The first of the small-scale problems for the CDM model is
the ‘missing satellites problem’ (Klypin et al. 1999b; Moore et al.
1999). Numerical simulations of the CDM theory predict a large
number of low-mass substructures to be present in a dark matter
(DM) halo comparable in size to the Milky Way (MW). However,
∗ NSF Graduate Research Fellow.
† E-mail: karraki@nmsu.edu
the number of subhaloes predicted is much larger than the num-
ber of satellite galaxies observed around the MW and in the Local
Group (LG). This holds true even after accounting for the extreme
low surface brightness dwarf galaxies that have been recently found
using the Sloan Digital Sky Survey (Koposov et al. 2008, 2009;
Tollerud et al. 2008; Bullock et al. 2010).
The observed abundance of satellite galaxies can be reconciled
within the context of CDM by invoking galaxy formation physics.
Star formation (SF) can be suppressed in low-mass subhaloes by
the photoionization of cold gas (Quinn, Katz, & Efstathiou
1996; Bullock, Kravtsov, & Weinberg 2000; Benson et al.
2002; Somerville 2002; Okamoto, Gao, & Theuns 2008;
Okamoto & Frenk 2009; Koposov et al. 2009) and in larger
subhaloes through energetic supernovae (SNe) feedback (e.g.,
Dekel & Silk 1986; Dekel & Woo 2003; Governato et al. 2007).
Thus, the complex physics of galaxy formation may solve the
missing satellites problem. However, producing realistic simula-
tions remains challenging as high numerical resolution is required
to capture many relevant physical processes.
Differences between observed and predicted inner density
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profiles, termed the ‘core-cusp’ issue, present another small-
scale problem for the CDM theory. DM haloes are predicted
to have a universal density profile (ρ ∼ rα) with a ‘cuspy’
α ∼ −1 inner slope from the numerical simulations of
Navarro, Frenk, & White (1996b, 1997, NFW profile hereafter).
Subsequent numerical results find haloes with steep inner den-
sity slopes and NFW or Einasto profiles (Dekel, Devor, & Hetzroni
2003a; Dekel et al. 2003b; Reed et al. 2005; Diemand et al. 2008;
Springel et al. 2008; Navarro et al. 2010). In contrast, observations
have repeatedly found constant density ‘cores,’ where α ∼ 0
(de Blok et al. 2001; de Blok & Bosma 2002; Swaters et al. 2003;
Strigari et al. 2006; Walker et al. 2009; Strigari, Frenk, & White
2010; Oh et al. 2011; Walker & Pen˜arrubia 2011; Hayashi & Chiba
2012; Wolf & Bullock 2012).
Numerical studies have examined how baryonic effects can al-
ter the inner regions of galaxies. Repeated fluctuations of the cen-
tral galactic potential due to SF or SNe feedback can transform
a central cusp into a core (Mashchenko, Couchman, & Wadsley
2006; Mashchenko, Wadsley, & Couchman 2008; Governato et al.
2010, 2012; Pontzen & Governato 2012). This requires strongly
coupled SNe feedback (i.e.Mvir = 1010 M⊙ withM∗ = 107 M⊙
for a 1 kpc core) and, as discussed in Pen˜arrubia et al. (2012), di-
rectly opposes the suppression of low-mass galaxy formation often
invoked to solve the missing satellites problem. On the other hand,
single blowout events can reduce the central densities but are un-
successful in creating cores (Gnedin & Zhao 2002; see however,
Navarro, Eke, & Frenk 1996a).
Another issue examines the abundance and structure of rel-
atively massive satellites. Named the ‘too big to fail’ problem, it
questions if CDM predicts too many satellites with large circular
velocities (vmax) that are unable to host LG dwarf spheroidal galax-
ies (dSphs). CDM correctly predicts the abundance of very large
satellites like the Magellanic Clouds (Busha et al. 2011a,b) and
dwarf field galaxies with vmax > 50 km s−1 (Tikhonov & Klypin
2009; Trujillo-Gomez et al. 2011). However, the situation is differ-
ent for satellites with 30 km s−1 < vmax < 50 km s−1. Comparing
the circular velocity profiles of subhaloes in the Aquarius N-body
simulations with the circular velocities measured at the half-light
radii for LG dSphs, Boylan-Kolchin, Bullock, & Kaplinghat (2011,
2012) find too many very compact, large subhaloes. For example,
haloes with Mvir ∼ 1.4 × 1012 M⊙ have ∼25 satellites with in-
fall circular velocities vmax > 30 km s−1 within 300 kpc of the
halo’s centre (Boylan-Kolchin et al. 2012). A given halo contains at
least seven satellites expected to host luminous galaxies, but with-
out MW counterparts.
Within the context of the CDM model, there are a couple of
solutions which may explain these inconsistencies. First, the CDM
cosmology adopted for the Aquarius haloes uses σ8 = 0.9 in-
stead of the lower concordance value of σ8 = 0.8. Subhaloes in
lower σ8 models have lower abundances and their density pro-
files are less concentrated, such that they are more susceptible
to tidal effects (Di Cintio et al. 2011). However, as discussed in
Boylan-Kolchin et al. (2011), the ‘too big to fail’ subhaloes are
found when examining both the Via Lactea II simulation (σ8 =
0.74) and the Aquarius simulations (σ8 = 0.9). Furthermore,
Wang et al. (2012) find little change between the subhalo circu-
lar velocity functions using Wilkinson Microwave Anisotropy Probe
(WMAP) and WMAP7 cosmologies.
Secondly, the abundance of substructures above a fixed cir-
cular velocity scales linearly with the host halo mass. Lowering
the mass of the MW by ∼ 20 per cent, from Mvir ∼ 1012 to
Mvir 6 8 × 1011 M⊙, reduces the abundance of massive, dense
subhaloes such that their absence around the MW can be attributed
to a statistical fluke (Wang et al. 2012; Vera-Ciro et al. 2013). How-
ever, lowering the mass of the MW reduces the probability of
hosting Magellanic Cloud sized galaxies (Boylan-Kolchin et al.
2010; Busha et al. 2011b). Additionally, if Leo I is a bound satel-
lite, the mass of the MW is at least Mvir = 1.6 × 1012 M⊙
(Boylan-Kolchin et al. 2013).
Another possibility is that baryonic processes, such as stel-
lar feedback and photoionization, in combination with subse-
quent tidal stripping, impact the structure of massive subhaloes.
Cosmological simulations including baryonic physics have pro-
duced mixed results on their ability to solve the ‘too big to
fail’ problem (Di Cintio et al. 2011, 2013; Brooks & Zolotov 2012;
Parry et al. 2012; Zolotov et al. 2012). The generation of central
cores in satellite density profiles due to baryonic physics has been
found to alleviate the tensions between the observations and CDM
predictions (Brooks & Zolotov 2012; Zolotov et al. 2012). How-
ever, accurately capturing baryonic processes requires hydrody-
namical simulations run with ∼ 10 pc resolution, which is ex-
tremely computationally expensive. Another complication is added
when mimicking baryonic processes with various subgrid models,
which can differ significantly in the included feedback mechanisms
(Ceverino & Klypin 2009; Colı´n et al. 2010).
Finally, if observations and predictions of CDM do not
agree after including realistic baryonic effects, the differences will
provide a unique opportunity to probe the nature of DM. Al-
ternative scenarios, such as warm or self-interacting DM, have
been proposed to explain why small-scale CDM model pre-
dictions are unable to match observations (Lovell et al. 2012;
Vogelsberger, Zavala, & Loeb 2012; Peter et al. 2013; Rocha et al.
2013).
In this paper, we investigate modifications to the CDM ex-
pectations induced by the presence of baryons. We focus on well-
established and undisputed facts about the behaviour of baryons in
the MW, namely (i) the fraction of mass in baryons is substantially
below the cosmic mean for subhaloes that host dSphs and (ii) there
is a baryonic concentration at the centre of the MW halo.
Cosmological N-body simulations of large-scale structure are
initialized taking into account the effect of baryons on matter fluc-
tuations. However, while evolving these simulations forward in
time, it is common to assume that all matter, including baryonic
matter, is collisionless. This implies that the baryonic distribution
follows the matter distribution in an unbiased fashion. This assump-
tion works well when calculating large-scale properties of the mass
distribution, but predictions must be interpreted with caution for
smaller, halo sized scales.
The simplifying assumption has two consequences in the con-
text of the ‘too big to fail’ galaxies. Gas-poor objects, like dSphs,
should have reduced baryonic mass and the central parts of the MW
should have more baryonic mass, than assigned in simulations. In
reality, baryons should be removed from dSphs and also would dis-
sipate in a host galaxy to form a disc. This leads to a twofold effect,
causing the dSphs to be more resistant to tidal stripping in conven-
tional N-body simulations than in reality. This allows massive sub-
haloes to preserve their structure and high circular velocities and
survive in simulations down to redshift zero.
The paper is organized as follows. We discuss different aspects
of dSphs and possible scenarios for their formation in Section 2. In
Section 3, we present the details of our simulations and analyti-
cal methods. The effects of baryon removal for isolated galaxies
are studied in Section 4. In Section 5, we present results of tidal
c© 2013 RAS, MNRAS 000, 1–17
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stripping. The discussion and conclusions are in Sections 6 and 7,
respectively.
2 FORMATION AND EVOLUTION OF DWARF
SPHEROIDALS
Dwarf spheroidals are DM-dominated galaxies with very little gas
and a low surface brightness, old, spheroidal stellar component.
Formation scenarios for dSphs are currently constrained by obser-
vations of LG dwarfs and hydrodynamical and N-body simulations.
In order to address why dSphs have a lower baryonic fraction than
the cosmic mean, we must examine their formation and evolution.
This information will guide us when we set the parameters of dwarf
galaxies in our simulations.
The radial distribution of dSphs around their central galaxies,
their cumulative velocity function, their morphologies and their lu-
minosity function may provide valuable information on their evo-
lutionary history. For example, it is well known that 95 per cent of
dSphs are located within 250 kpc of the centres of known groups
(e.g., Karachentsev 2005; Karachentsev, Karachentseva, & Sharina
2005). In other words, there are hardly any isolated dSphs. Even
inside the LG, dSphs are preferentially found in the inner regions
around the MW and M31. These results imply that there are unique
environmental forces shaping the structure and baryon fraction of
dSphs.
It has long been suggested that dSphs were once gas-rich
dwarf irregular galaxies (dIrrs) that have subsequently lost their
gas due to ram pressure stripping and consumption during SF
(Einasto et al. 1974; Lin & Faber 1983; Kormendy 1985). This the-
ory has been examined in the context of several successful simula-
tions.
Kravtsov, Gnedin, & Klypin (2004) proposed a realistic
model for the formation of dSphs able to create luminous galaxies
that match the spatial distribution and cumulative velocity function
of observed LG satellites using self-consistent cosmological sim-
ulations and a SF model. The luminous dSphs began as initially
massive isolated galaxies that underwent tidal stripping to reduce
their mass and circular velocity. As dSphs progenitors inhabited
more massive haloes before experiencing tidal stripping, this model
explains how the LG dSphs with vmax . 30 km s−1 were able to
retain their gas, continue to form stars after reionization and remain
luminous.
Both internal and environmental effects strongly influence the
mass assembly history of a dwarf galaxy. This can result in dramat-
ically different density profiles for galaxies of the same total mass.
We use controlled numerical experiments to investigate different
mass removal techniques with the same initial density profile. Cos-
mological simulations which show that halo density distribution
follow the NFW profile assume a universal fraction of baryons.
Thus, our ‘DM-only’ simulations using an NFW profile include
a cosmological fraction of baryons and the appropriate contraction
due to the inclusion of this mass.
The use of the NFW profile for our initial conditions is moti-
vated by the observations of gas-rich, dIrrs, which are likely pro-
genitors of dSphs. At 1 kpc the fraction of baryons in gas-rich
dwarfs is observed to range from one third to four times the cosmo-
logical baryon fraction, and on average it ranges from one to three
times the cosmological baryon fraction, γDM ∼ 0.43–0.82 (from
seven dwarfs from The H I Nearby Galaxy Survey (THINGS) in
figs 3 and 4 of Oh et al. 2011). As the NFW profile rests on the as-
sumption of a cosmological baryon fraction everywhere, this den-
sity profile already includes the adiabatic response of DM to the
presence of a cosmological fraction of baryons.
Due to a lack of certainty in the galaxy formation physics in
these haloes, in Sections 3 and 4 we test a variety of methods to
remove the baryonic component from dSph progenitors. These in-
clude (i) removing the baryons before the halo forms, mimicking
dSph formation in a baryon-poor environment, (ii) removing the
baryons instantaneously to reproduce sudden gas removal, as when
a dIrr loses gas due to ram pressure stripping as it falls into a host
halo and (iii) removing the baryons slowly from the halo, in order
to test how the speed of gas removal impacts the structure of the
dwarf.
3 METHODOLOGY
3.1 Cosmological hydrodynamical simulation
In order to obtain realistic estimates of how baryon removal impacts
a satellite’s mass distribution we ran cosmological hydrodynamical
simulations. We simulated a Mvir(z = 0) = 3 × 1010 M⊙ iso-
lated dwarf galaxy run with the same initial conditions twice. One
simulation was run without gas removal and the other was run with
all gas heated just before z = 1.
To perform these simulations, we used the adaptive
mesh refinement N-body+hydrodynamics code HYDROART
(Kravtsov, Klypin, & Khokhlov 1997; Kravtsov 1999). The code
is adaptive in both space and time, achieving higher resolution
in regions of higher mass density. The following cosmological
parameters were used: ΩM = 1 − ΩΛ = 0.3, Ωb = 0.045,
h = 0.7 and σ8 = 0.8. The simulation zoomed in on a single
halo inside a 10 h−1Mpc comoving box with a DM particle mass
mp ∼ 105 M⊙ and a maximum resolution of 60 pc at redshift
zero.
The physical model used by the code includes many relevant
processes, such as cooling from metals and molecules, a homo-
geneous ultraviolet (UV) background, metal advection and stellar
mass-loss. SF occurred stochastically in regions where the gas den-
sity is above 6 atm cm−3 and temperature is below 104 K. Stars
are formed with a constant efficiency, converting 30 per cent of
each cell’s gas mass into a star particle representing a simple stellar
population with a Chabrier initial mass function.
Our subgrid feedback model included both thermal energy
from SNe and shocked stellar winds and radiation pressure from
massive stars (M > 8 M⊙). Thermal energy was deposited
in the star particle’s cell at a constant rate, Γ = 1.59 ×
1034 erg s−1 M⊙−1, for 40 Myr without artificially delaying cool-
ing. The radiation pressure was calculated using Prad = (τUV +
τIR)L/(c r
2), where τUV = 1 and τIR = 50 are the optical depth
of dust to UV and infrared (IR) photons, respectively, L is the to-
tal luminosity of the star cluster (calculated using STARBURST99;
Leitherer et al. 1999), and r is half the size of the star particle’s
cell. This pressure was added to the hydrodynamical equations for
3 Myr in the star particle’s cell. Radiative feedback is implemented
in a similar way as in Hopkins, Quataert, & Murray (2011) and
Agertz et al. (2013).
More details on the implementation of the SF and feedback
model can be found in Trujillo-Gomez et al. (2013). The isolated
dwarf galaxies simulated using this new model are in very good
agreement with observations. In particular, they have no bulges,
slowly rising rotation curves, and constant or slowing increasing
SF histories.
We created two isolated dwarf galaxies. The first run, the fidu-
c© 2013 RAS, MNRAS 000, 1–17
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cial run, was performed as described above with no alterations. The
second run, which we call the ‘no gas’ simulation is identical to
the fiducial run until just before z = 1. At this time we removed
the galaxy’s gas to emulate the gas stripping that occurs as a satel-
lite falls into its host halo. To achieve this, we artificially increased
the high-resolution gas cell temperatures to 106 K and halted their
cooling until redshift zero. This removed the majority of the gas
mass and prevented further SF. Any remaining bound gas existed
as a hot diffuse medium.
These simulations do not include the effects of tidal stripping
of DM and stars by the host potential. As such, they provide an esti-
mate of the minimum effect of baryonic physics on satellite density
profiles. In Section 4, we use these simulations to test the adiabatic
expansion of a halo due to baryonic losses.
3.2 N-body simulations
We performed controlled collisionless N-body simulations to quan-
tify the gravitational effects of baryon removal from subhaloes and
the enhanced tidal effects of a MW disc on subhaloes. In what fol-
lows, we describe the code and the initial conditions used. These
simulations incorporated the undisputed net results of baryonic pro-
cesses.
3.2.1 Code and initial conditions
We used a direct summation N-body code with the leapfrog time-
stepping integration scheme, a constant time step ∆t = 6.4 ×
105 yr and a Plummer softening of ǫ = 20 pc. All resultant simula-
tions retained an energy conservation of ∆E/E < 10−5. The code
was run in parallel using both open multiprocessing and message
passing interface libraries.
Initial conditions were set up by solving the equilibrium Jeans
equation to obtain the rms velocity dispersion vrms(r) as a function
of radius for a dwarf with a spherical NFW density distribution
given by
ρsat(r) =
v2max
4piGr2s
xmax
µ(xmax)
1
x(1 + x)2
, x ≡ r/rs, (1)
µ(x) = ln(1 + x)− x
(1 + x)
. (2)
Here vmax is the maximum circular velocity of the dwarf and xmax
is the distance at which the velocity peaks, where xmax = 2.163.
The distribution was truncated at the outer radius rout = 16rs.
This truncation radius is close to the expected virial radius for
haloes with masses typical for large satellites of the MW. The exact
value of rout is unimportant as the satellite will be severely tidally
stripped when it falls into the potential well of the MW.
When setting initial conditions, we used multiple masses for
particles. In the inner regions, the particle mass, m1, was small and
nearly constant. The mass increased with distance as
m1(r) = m1(0)
[
1 +
(
r
rs
)2]
, (3)
wherem1(0) is a normalization constant. This prescription allowed
us to resolve the central region of the dwarf with small particles and
at the same time have an extended halo.
Throughout the dwarf’s evolution, particles of different mass
moved in radius so that massive particles occasionally came to the
centre. We monitored the situation and found that small particles
always dominated the central ∼ 1 kpc region with a very low
contribution from more massive particles. For a 200 000 particle
simulation run for 10 dynamical times, the average particle mass
increased by just 2 per cent within the central 100 particles and
increased by 6 per cent within the central 1000 particles. Addition-
ally, simulations of both constant and variable mass particles, run
for 16 dynamical times, show that variable mass particle runs accu-
rately reproduce the results of constant mass particle simulations.
We assumed an isotropic Gaussian distribution of velocities,
which is known to produce small non-equilibrium effects for the
NFW distribution. We allowed the system to evolve in isolation for
10 dynamical times to settle and come into equilibrium. The non-
equilibrium effects were small at all times, with the maximum cir-
cular velocity within 2 per cent of initial value, after 10 dynamical
times. The largest effect, a decline in the central density, resulted
in a 30 per cent change from the initial density within ∼ 100 pc.
These changes remain at a low level and do not impact the ba-
sic NFW density or circular velocity profile shapes. All results are
compared to the evolved isolated configuration.
Our simulations consisted of 200 000 variable mass parti-
cles. This corresponds to a simulation with Neff = 1.3 × 106
constant mass particles in order to maintain the same mass res-
olution. The gravitational force acting on satellites was modelled
using frozen external potentials, which roughly approximated the
mass distribution in our MW Galaxy (Diemand, Kuhlen, & Madau
2007; Cuesta et al. 2008; Diemer, More, & Kravtsov 2013).
3.2.2 Scaling models
Our simulated dwarfs were created to test the effects of baryon re-
moval and tidal stripping for large satellites. The initial dwarf has
the following properties: rs = 4.0 kpc and vmax = 62 km s−1.
Although this is a large maximum circular velocity for a red-
shift zero classical dSphs, it is reasonable for a dSph progen-
itor. The Kravtsov et al. (2004) model shows that haloes with
50 km s−1 . vmax . 80 km s−1 are transformed into present-
day luminous dwarfs with 10 km s−1 6 vmax 6 60 km s−1.
Our initial dwarf parameters were chosen to mimic a ‘too big to
fail’ (Boylan-Kolchin et al. 2012) galaxy before infall. In agree-
ment with the definition of ‘too big to fail’ galaxies, the en-
tire initial profile of our dwarf is inconsistent at 2σ with all LG
dSphs. These initial conditions allow us to thoroughly test if the
Boylan-Kolchin et al. (2012) results can be brought into agreement
with observations by including baryonic effects.
Our host galaxy was matched to the Aquarius E halo virial
mass with an added baryonic component. The disc component
has parameters rdisc = 3 kpc and Mdisc = 6 × 1010 M⊙
and an NFW halo has parameters rs = 25 kpc and Mvir =
1.39 × 1012 M⊙ (vcirc = 179 km s−1). These are reason-
able values for the MW halo and disc mass, which are estimated
to be Mtot = 0.7–3 × 1012 M⊙ (Wilkinson & Evans 1999;
Sakamoto, Chiba, & Beers 2003; Smith et al. 2007; Li & White
2008; Xue et al. 2008; Kallivayalil et al. 2009; Guo et al. 2010;
Watkins, Evans, & An 2010) and Mdisc ∼ 5.5 × 1010 M⊙
(Gerhard 2002; Flynn et al. 2006), respectively.
We calculated the circular velocity of the initial perturber at
8 kpc, to provide the reader with a comparison of the halo and the
MW. The baryon values areMbar(r < 8 kpc) = 4.5×1010 M⊙ or
a vcirc = 156 km s−1 and the DM values are MDM(r < 8 kpc) =
4.9× 1010 M⊙ or a vcirc = 162 km s−1. This produces a circular
velocity of vcirc = 224 km s−1, which is close to the value of
vcirc = 218 ± 6 km s−1 at the solar neighbourhood, as found by
Bovy et al. (2012).
c© 2013 RAS, MNRAS 000, 1–17
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Table 1. Different dwarf galaxy cases. The initial and final maximum cir-
cular velocities during their isolated runs are listed.
Label Description vmax,i vmax,f
vmax,f
vmax,i
NR No baryonic mass removal 62.1 64.2 1.03
PR Pre-halo formation mass removal 64.2 57.6 0.90
ER Exponential mass removal 64.2 51.2 0.80
IR Instantaneous mass removal 64.2 51.0 0.79
When scaling N-body simulations to physical units, we chose
the radius (r0) and velocity (v0) to be our free parameters, which
left all other quantities, such as time-scale (t0) and mass (m0), de-
pendent on the choice of radius and velocity scales.
3.2.3 Setup of tidal stripping simulations
The simulations were run in the presence of an external MW-sized
perturber after running in isolation. The no mass removal (NR) case
was run with a pure NFW perturber, while all other cases were
run with an NFW plus spherical exponential ‘disc’ perturber. This
setup allows the NR case to remain as the pure DM example, while
the mass removal cases show the effects of including baryons (by
adding a disc) in the simulation (see Table 1 for naming conven-
tions). Eight orbits were created for each satellite in order to com-
pare the impact of orbital evolution on the structure of subhaloes.
All satellites were run in circular orbits at rorbit = 50, 70,
100 and 150 kpc to examine the most extreme effects of tidal strip-
ping from different distances. We also ran four elliptical orbits,
1:2e (150–70 kpc), 1:3e (150–50 kpc), 1:5e (150–30 kpc) and 1:4e
(120–30 kpc), to provide more realistic results of tidal stripping.
These orbits are less elliptical than the typical orbital ratio of 1:6
derived by Ghigna et al. (1998); however, they are well within the
90 per cent interval found by Diemand et al. (2007), which extends
from ∼1:28 to ∼2:3 orbits. A description of each dwarf galaxy’s
orbits is provided in Table 2.
The pericentres of the elliptical orbits range from 30 to 70 kpc.
These orbits were created to be realistic generalizations of LG dSph
orbits as well as to investigate an interesting regime of tidal disrup-
tion. In our truncation radius estimates (Section 5.1), we find that
a satellite in the presence of a MW with a baryonic disc compo-
nent should have interesting tidal evolution if it had a pericentric
distance of∼ 40 kpc. This occurred when the truncation radius, rt,
had values from two to four times the scale radius, rs. Our circular
and elliptical orbits were in part chosen to examine a large range of
truncation radii from extreme truncation to minimal tidal stripping.
Results from our elliptical orbits will in general repro-
duce the range of known orbits for the LG dSphs from ra-
dial and tangential velocity measurements. These orbits are ex-
pected to be 20–100 kpc for Carina (Piatek et al. 2003), 40–
89 kpc for Ursa Minor (Piatek et al. 2005), 66–129 kpc for Sex-
tans (Walker, Mateo, & Olszewski 2008), 68–122 kpc for Sculp-
tor (Piatek et al. 2006) and 118–152 kpc for Fornax (Piatek et al.
2007). Our work does not investigate the orbital evolution of dwarfs
such as Leo I and Leo II, which are most likely on their first in-
fall and orbit at extreme distances (Le´pine et al. 2011; Sohn et al.
2013).
Although none of our simulations examine orbits with peri-
centres lower than 30 kpc, the work of recent cosmological simula-
tions find a significant fraction of satellite orbits with small pericen-
tric radii. In the Via Lactea simulations (Diemand et al. 2007), al-
Table 2. Orbital parameters for each satellite galaxy. Included are their ini-
tial maximum circular velocities and final maximum circular velocities after
5 Gyr. Labels that end in ‘c’ denote a circular orbit and those that end in ‘e’
denote an elliptical orbit.
Label Description vmax,i vmax,f
vmax,f
vmax,i
NR150c NR, 150 kpc orbit 64.2 60.7 0.95
NR100c NR, 100 kpc orbit 64.2 57.2 0.89
NR70c NR, 70 kpc orbit 64.2 51.6 0.80
NR50c NR, 50 kpc orbit 64.2 43.0 0.67
NR1:2e NR, 150 to 70 kpc orbit 64.2 56.5 0.88
NR1:3e NR, 150 to 50 kpc orbit 64.2 53.8 0.84
NR1:5e NR, 150 to 30 kpc orbit 64.2 51.2 0.80
NR1:4e NR, 120 to 30 kpc orbit 64.2 46.9 0.73
PR150c PR, 150 kpc orbit 57.6 53.6 0.93
PR100c PR, 100 kpc orbit 57.6 49.5 0.86
PR70c PR, 70 kpc orbit 57.6 42.1 0.73
PR50c PR, 50 kpc orbit 57.6 28.1 0.49
PR1:2e PR, 150 to 70 kpc orbit 57.6 48.5 0.84
PR1:3e PR, 150 to 50 kpc orbit 57.6 44.7 0.78
PR1:5e PR, 150 to 30 kpc orbit 57.6 40.4 0.70
PR1:4e PR, 120 to 30 kpc orbit 57.6 34.2 0.59
ER150c ER, 150 kpc orbit 51.2 46.0 0.90
ER100c ER, 100 kpc orbit 51.2 40.5 0.79
ER70c ER, 70 kpc orbit 51.2 30.0 0.59
ER50c ER, 50 kpc orbit 51.2 10.7 0.21
ER1:2e ER, 150 to 70 kpc orbit 51.2 39.6 0.77
ER1:3e ER, 150 to 50 kpc orbit 51.2 34.8 0.68
ER1:5e ER, 150 to 30 kpc orbit 51.2 29.9 0.58
ER1:4e ER, 120 to 30 kpc orbit 51.2 22.5 0.44
IR150c IR, 150 kpc orbit 51.0 45.8 0.90
IR100c IR, 100 kpc orbit 51.0 39.9 0.78
IR70c IR, 70 kpc orbit 51.0 29.0 0.57
IR50c IR, 50 kpc orbit 51.0 10.6 0.21
IR1:2e IR, 150 to 70 kpc orbit 51.0 39.0 0.76
IR1:3e IR, 150 to 50 kpc orbit 51.0 34.0 0.67
IR1:5e IR, 150 to 30 kpc orbit 51.0 29.2 0.57
IR1:4e IR, 120 to 30 kpc orbit 51.0 21.4 0.42
most all galaxies within the ‘earliest forming substructure’ sample
had orbits that fell within 30 kpc of the host. In the smoothed par-
ticle hydrodynamics simulations run by Zolotov et al. (2012), over
half of all the subhaloes had orbits with pericentres below 30 kpc
(private communication). Any satellites in orbits with pericentres
smaller than 30 kpc will have more extreme orbital evolution than
the results presented here.
3.3 Adiabatic expansion
The removal of baryons from a galaxy results in smaller mass
inside a given radius r. In turn, this reduces the force of
gravity, causing the galaxy to expand. This is a known and
qualitatively well-understood physical process (Zeldovich et al.
1980; Blumenthal et al. 1986; Gnedin et al. 2004). It is also
observed in many cosmological simulations that include
hydrodynamics and SF (Colı´n, Valenzuela, & Klypin 2006;
Gustafsson, Fairbairn, & Sommer-Larsen 2006; Tissera et al.
2010; Gnedin et al. 2011).
Here we use the simplest prescription of Blumenthal et al.
(1986) to make an analytical model for the expansion of a galaxy
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when it loses mass. It assumes circular orbits for DM particles and
uses conservation of angular momentum to derive a relation be-
tween the initial mass, Mi(ri), and radius, ri, and the final mass,
Mf(rf), and radius, rf . Note that the prescription does not use adi-
abatic invariants; it uses an integral of motion – the angular mo-
mentum. Thus, its limitation is not that the process must be slow
(adiabatic), it is the assumption of circular motions. An extension
of the prescription, provided by Gnedin et al. (2004), makes a cor-
rection due to non-circular motions. As Gnedin et al. (2004) show,
in the regime of small compression (or expansion) the difference
between the two approximations is small.
It is convenient to rewrite the Blumenthal et al. (1986) pre-
scription using the circular velocity, Vcirc =
√
GM(r)/r of a mass
shell, where M(r) is the mass inside radius r. If α(ri) is the frac-
tion of mass that remains inside ri after the removal of baryons,
then the final radius, rf , and circular velocity, Vf , are given by
rf =
ri
α(ri)
, (4)
Vf(rf) = α(ri)Vi(ri) = α(α rf)Vi(αrf). (5)
Note that the factor of α in equation (5) enters linearly in both
the radius, ri, and circular velocity, Vi. As a result, the effect of
the expansion is rather large. This should be contrasted with the
case that lacks expansion when mass M(r) decreases by a factor
of α but the radius stays the same: rf = ri. In this case, the final
circular velocity, Vf , declines only by a factor of
√
α, which is a
small effect.
For the baryon removal case, where fb ≈ 0.17 (Komatsu et al.
2011), we expect that α ≈ 1− fb ≈ 0.83. If dSphs do not undergo
sudden mass removal, due, for example, to formation in a low fb
region, Vf will decline by ∼ 0.91. However, if dSphs experience
a reduction in their fb from a sudden removal of mass (e.g. ram
pressure stripping, winds), they will undergo adiabatic expansion
and Vf will decline by ∼ 0.83.
3.4 A tidal stripping model
Simulations of the effects of tidal stripping can take substantial
computing resources, so it is helpful to have a simple model that
can reproduce some simulation results. The following model imi-
tates tidal stripping by iteratively removing mass from a satellite.
After tidal forces remove some fraction of mass the halo expands
and additional particles may become unbound, giving rise to an-
other round of mass-loss. This occurs due to the elongated ellip-
tical orbits of DM particles. Thus, mass removal from peripheral
regions, where the tidal force is strong, leads to a lack of mass in
the inner regions over time. Due to this process, even the central
region of a halo may be affected by tidal stripping.
A realization of the NFW distribution with 500 000 particles
was made using the prescription described in Section 3.2.1. The
large number of low-mass particles in the central region of the
dwarf allowed us to make detailed calculations of tidal stripping
without numerical errors.
During each iteration unbound particles were removed accord-
ing to their total energy. The potential energy term is calculated us-
ing the satellite potential including bound particles within the tidal
radius and an external spherically symmetric tidal force. The ini-
tial tidal radius, rt, was parametrized by its ratio to the charac-
teristic radius, rs, setting the constant tidal potential normalization
throughout all iterations.
After all unbound particles were removed, the halo was adi-
abatically expanded. The ratio of the bound particle mass within
each radius to the mass at the previous iteration provides the α pa-
rameter. The coordinates were increased and the velocities were
decreased according to α and equations (4) and (5). Finally, the
new tidal radius was found and we proceeded with the next round
of unbound particle removal.
Just as in our N-body simulations, we found that tidal stripping
continuously removed mass from the halo without convergence.
Some fraction of mass was removed even after many iterations.
However, the rate of the mass removal dramatically depended on
the initial tidal radius. There was minimal mass-loss when the tidal
radius initially exceeded rt = 4rs, but more substantial stripping
occurred at smaller tidal radii. After 10 to 30 iterations of remov-
ing unbound particles, this simple model agrees with our N-body
simulations run for 5 Gyr (see Section 5.2.2).
4 EFFECTS OF BARYON REMOVAL
4.1 Effects of baryon removal in hydrodynamical
simulations: testing the adiabatic expansion model
In this section, we examine the effects of sudden gas removal on
the structure of a dwarf galaxy. We modelled this process in de-
tail by performing two high-resolution cosmological simulations
of the formation and evolution of a dwarf galaxy, including gas, SF
and feedback. The hydrodynamical simulations presented here are
meant to illustrate the general properties of an isolated dIrr. These
results are not expected to reproduce properties of dSphs as there
is no orbital evolution, but serve as a guide to initialize our tidal
stripping simulations.
The fiducial run was completed with no removal of gas – the
system evolved without any intervention – and mimics the evolu-
tion of a dIrr. As the left-hand panel of Fig. 1 demonstrates, the
simulation reproduces some generic properties of dIrrs: almost no
bulge, a gently rising rotation curve and a larger gas mass than stel-
lar mass.
In a second simulation, the ‘no gas’ run, we ran the same simu-
lation with the same physical prescriptions until just before z = 1.
At this point, all the gas was heated to 106 K to mimic the sud-
den baryon removal that a dwarf would undergo upon falling into a
host halo. Cooling was stopped in the heated cells, preventing fur-
ther SF and allowing the galaxy to passively evolve until z = 0. At
redshift zero the ‘no gas’ run retained a hot diffuse gas component
of∼ 2000 M⊙ within 10 kpc and a total of ∼ 4× 105 M⊙ within
the virial radius. The general properties of the two dwarfs are listed
in Table 3.
At redshift one, the fiducial galaxy has the cosmological
baryon fraction, fb = 0.17, within the central 5 kpc, similar to
observations of gas-rich dwarfs (Oh et al. 2011). The inner 1 kpc
region of the dwarf is slightly baryon deficient with a fb = 0.1.
The simulations presented are a realistic examination of mass-loss;
however, a more dramatic change in structure would occur with a
higher initial gas fraction in the central 1 kpc.
The stellar mass of the fiducial dwarf at redshift one is ∼
2× 107 M⊙ within 10 kpc, which corresponds to the stellar mass
of Fornax, the most luminous of the classical dSphs. More typi-
cal dSphs have M∗ ∼ 105 M⊙. These galaxies should have SF
shut off at earlier times or undergo lower SF rates than the simula-
tion presented here to match observed dSphs. Star formation should
be halted at infall time, which can occur earlier than redshift one.
For instance, Draco and Ursa Minor stopped forming stars 10 Gyr
ago (Grebel 1998), providing evidence for early accretion on to the
MW. Therefore, prevention of the growth of stellar mass at redshift
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Figure 1. Results from the cosmological hydrodynamical simulations displaying the effects of gas removal from an isolated dwarf galaxy. Left: the circular
velocity profile of the simulation at z = 1, before the gas removal, and the ‘no gas’ results at z = 0. Solid lines represent the total circular velocity profile, the
upper line (black) is at z = 1 and the lower line (blue) is at z = 0. The dotted (red) line is the adiabatic expansion model with constant removal. The bottom
curves represent the circular velocity profiles of the gas (long dashed curve) and stars (dot–dashed curve) in the simulations at z = 1. The z = 0 stellar profile
is shown as the lower long dashed curve (blue), and the gas is not shown as it has been removed. Right: here, the ratio of total mass within a given radius over
the total mass within a given radius before gas removal (at z = 1) is shown. The solid curve is the gas removal from simulation results at z = 0. The adiabatic
expansion models are shown as the short dashed curve for gas fraction removal and the dotted curve for constant 14 per cent removal. The constant removal
model predicts the expansion of the halo well, while the removal according to gas fraction underestimates the expansion in the inner 3 kpc.
Table 3. Mass values for the HYDROART simulated galaxies. Two isolated dwarfs were run, one fiducial model (left) and one where
all gas within the galaxy was removed just before z = 1 (right). The fiducial model increases its stellar mass and accretes more gas;
however, the no gas dwarf retains only a hot diffuse gas component. The stellar mass in the no gas model is reduced from z = 1 to
0 due to stellar mass-loss, while the virial masses do not increase substantially from z = 1 to 0 for either model.
Model Fiducial No gas
Mvir Mgas(r < 10 kpc) M∗(r < 10 kpc) Mvir Mgas(r < 10 kpc) M∗(r < 10 kpc)
(M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙)
z = 1 2.3× 1010 7.4× 108 2.4× 107 2.3× 1010 2.5× 105 2.4× 107
z = 0 3.1× 1010 1.7× 109 1.4× 108 2.5× 1010 2.2× 103 2.2× 107
two and tidal stripping should be considered when comparing the
stellar mass of this dwarf to the stellar mass of present-day dSphs.
Nevertheless, the purpose of this paper is to address the issue of
baryonic effects on the structure of massive subhaloes (which can
have large stellar masses), not to investigate the origin of all of the
dSphs.
Fig. 1 compares the fiducial model to the ‘no gas’ model at
z = 0, after the gas has been removed to allow the halo to adjust to
the mass removal. In what follows, we use our adiabatic expansion
model to examine how gas removal impacts a halo.
The left-hand panel of Fig. 1 shows the circular velocity
profiles of the gas, stars, and total mass for the simulations and
the adiabatic expansion model. The mass removed was small,
Mgas/Mtot(< 5 kpc) = 0.16. However, removal of gas clearly
resulted in halo expansion and a decline in circular velocity at ev-
ery radius. Even in the central 1 kpc, where the gas fraction was
lowest Mgas/Mtot(< 1 kpc) = 0.08, the final expansion was sub-
stantial. The halo experienced a large reduction in mass within this
radius, Mz=0/Mz=1(< 1 kpc) = 0.67.
The results of our cosmological hydrodynamical simulations
show that halo expansion takes place when a fraction of mass is
removed from the central region. The right-hand panel of Fig. 1
shows the enclosed mass profile of the galaxy after gas removal
divided by the fiducial model at z = 1. In order to reproduce the
results from the ‘no gas’ run, we approximated the removal of the
baryonic component in two ways. In our first trial, we removed
the fraction of gas mass within a given radius from the dwarf’s
total mass. In our second trial, we removed a constant mass frac-
tion of 14 per cent at all radii, which corresponded to the aver-
age baryonic mass lost within ∼ 2 kpc. Both models implemented
the Blumenthal et al. (1986) expansion, but used different mass re-
moval at each radius.
The right-hand panel of Fig. 1 compares the differences be-
tween the two expansion models. The removal of the enclosed gas
fraction at each radius, where α(r) = 1 − fgas(< r), underes-
timates the expansion of the halo at all radii between 700 pc and
3.5 kpc. The underestimated expansion of this approach agrees with
the Gnedin et al. (2004) model who found that, after accounting
for non-circular motions, expansion corresponds to more mass re-
moved within a given radius than expected. The constant removal
case, α(r) = 0.86, gives results within 7 per cent of the true expan-
sion within the galaxy. This model is a straightforward technique to
implement and produces fairly accurate results.
We consider a simple but realistic model in which baryonic
effects cause the initial halo to retain a constant fraction of its den-
sity at every radius: α = α0 = const. We use this analytic model to
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investigate the effects of varying amounts of mass-loss. Any halo
profile can be written in the general form
ρ(r) = ρ0Ψ
(
r
r0
)
, (6)
where r0 is a scale radius and ρ0 defines the overall normalization
of the profile. Here, the dimensionless function Ψ(x) describes the
density profile. For example, the NFW profile (equations 1 and 2)
has the parameters r0 = rs and Ψ = 1/x(1 + x)2.
When the halo loses 1−α0 of its mass, it expands and changes
the parameters r0 and ρ0, but the function Ψ is preserved. There-
fore, adiabatic expansion of a halo will preserve its shape but mod-
ify its parameters. Using equations (4)–(6) and labelling variables
with the subscripts i for initial and f for final parameters, we get
ρ0,f = α
4
0 ρ0,i, r0,f =
r0,i
α0
. (7)
The equation for density normalization has a large power of α0.
This means that the overall density normalization declines substan-
tially with mass-loss. If we assume that most of the baryons were
removed when a dIrr transforms into a dSph, then α0 ≈ 1− fb ≈
0.8, which leads to a drop in density of ρ0,f/ρ0,i ≈ 0.4.
Next, we pose the question of how much the density changes
at a given physical radius after baryon removal. The answer de-
pends on the particular form of the density profile:
ρf(r)
ρi(r)
= α40
Ψ
(
r
r0,f
)
Ψ
(
r
α0r0,f
) . (8)
If the function Ψ is the power law Ψ ∝ x−β , then
ρf(r)
ρi(r)
= α4−β0 . (9)
For the NFW profile, the central cusp has a slope of β = 1 so the
density at a fixed radius declines by large factor, ρf/ρi = α30 ≈ 0.5,
again assuming that α0 ≈ 0.8. The change in the outer region is
much smaller as β = 3, so ρf/ρi = α0 ≈ 0.8. It is interesting to
note that a density profile with a central core (β = 0) experiences
the largest decline in density, ρf/ρi = α40.
Gnedin & Zhao (2002) find that sudden baryon removal does
not impact the slope of the density profile, in agreement with this
work. However, unlike their work our analytic model does not as-
sume a particular form of a density profile, a halo spin parameter,
or size of a baryon component removed. Therefore, our results are
more general and allow us to predict the decline in density of any
power-law profile to be dependent on ρf/ρi = α4−β0 .
4.2 Baryon removal in N-body simulations
Dwarf spheroidals are known for their high mass to light ratios,
producing galaxies that are gas deficient with lower than average
baryon fractions. To mimic this lack of gas, motivated by the re-
sults of previous section, we removed 20 per cent of the mass from
our dwarf to reflect the amount of baryonic matter lost when ac-
counting for the lack of gas in dSphs. As the details of the removal
process are uncertain, we created three mass removal cases to com-
pare against a dwarf from pure DM simulations.
To test a few cases, we have run four dwarfs in isolation under
different conditions (see Table 1 for naming conventions). Our first
dwarf (no mass removal – NR) was run for 1 Gyr from an equilib-
rium setup and is used as a benchmark for our comparisons to the
other dwarfs which experience baryonic effects. This dwarf is sup-
posed to mimic the results of collisionless simulations, which com-
pletely ignore baryonic effects. The three remaining dwarfs were
modified using techniques that test a variety of ways a dwarf galaxy
ends up with a small baryonic component.
On one extreme is the case where majority of baryons have
never entered the DM halo. This model represents a dSph that
formed in a region with low baryon fraction and subsequently does
not contain a large gas fraction. Here, the dwarf will always stay
in dynamical equilibrium with the correct baryon fraction. There is
no expulsion of baryons and hence no change in the density profile
due to the dynamics of baryons. The inner density profile of such
a dwarf is large and it affects the efficiency of mass removal via
tidal stripping. We label this scenario for the dwarf as pre-halo for-
mation mass removal (PR). To distinguish this case from NR, this
dwarf was evolved in isolation with an initial mass at 80 per cent of
the NR case (i.e. α = 1− fb ∼ 0.8) and remained in equilibrium.
However, it is also possible that the dwarf once contained a
baryonic component that was either expelled via SNe feedback,
galactic winds and radiation pressure or removed by ram pres-
sure and tidal stripping, similar to some of the processes which
we explored in our hydrodynamical simulations. There is uncer-
tainty in the exact mechanisms that cause this removal and whether
such mechanisms are energetic enough to remove baryons from the
galaxies. We follow the results of our tests with the hydrodynamical
simulation and assume that the halo response is similar to a simple
adiabatic expansion resulting from a constant fraction of total mass
being removed from the halo. Since the time-scales for the baryon
removal are also uncertain, we examine two different cases: one
dwarf (instantaneous mass removal – IR) began as the NR case and
then had 20 per cent of its mass instantaneously removed before
evolving in isolation. Another dwarf (exponential mass removal –
ER) experienced a slow mass removal of 20 per cent throughout its
isolated evolution.
Details of the baryonic mass removal for the ER case is as
follows. The mass began at the no removal level and then was re-
duced via an exponential function of the form: mi(t) = mi,0(B +
Ae−t/t0). Each particle began with a mass of mi,0 and currently
has a mass of mi(t). We have implemented t0 ∼ 200 Myr with
B = 0.8 and A = 0.2. This equation allowed 20 per cent of
the mass of each particle to be removed over an exponential time-
scale, t0. The larger the value of the time-scale, the slower mass
is removed. The removal time-scale implemented is an order of
magnitude larger than the dynamical time of the central region
(e.g. tdyn ∼ 23 Myr for vcirc(R = 1 kpc) = 43 km s−1 and
tdyn ∼ 16 Myr for vcirc(R = 0.5 kpc) = 30 km s−1).
Note that we begin with an NFW density profile as the initial
condition for all of our dwarfs. As discussed in Section 2, the NFW
mass profile includes baryons which trace the DM in an unbiased
manner. This initial condition thus already accounts for the adia-
batic contraction of DM in response to the inclusion of the cosmo-
logical fraction of baryons. Observations of gas-rich dwarf galax-
ies (which are likely progenitors of dSphs) in the THINGS galaxy
sample find average baryon fractions that range from one to three
times the cosmological baryon fraction (Oh et al. 2011). The NFW
profile is therefore a physically motivated initial condition for our
dwarfs.
In summary, our controlled numerical experiments examine
the effects of baryonic mass-loss that dwarf galaxies undergo once
they become satellites. In this manner, the three cases we investi-
gate (PR, ER and IR) bracket the different physical scenarios that
lead to the small baryon fraction in dSphs.
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Figure 2. Profiles of dwarf galaxies at their final moment in isolated evolution. In all plots, the short dashed (black) line shows the NR case, the dot–dashed
(red) line shows the mass removal before the halo formed, the pre-halo formation mass removal (PR) case, the solid (blue) line shows the exponential mass
removal (ER) case and the long dashed (grey) line shows the instantaneous mass removal (IR) case. Top Left: the circular velocity profiles of the four dwarf
galaxies. An additional line, dotted (purple), displays the adiabatic expansion model that the NR halo would incur if it lost 20 per cent of its mass. It lies on top
of the ER and IR profiles, indicating that our adiabatic expansion model accurately describes the mass removal process. Bottom Left: the density profiles of
all four dwarfs over the same range as above. Top Right: the density profiles of all four dwarfs, zoomed into the central 50 pc to 1 kpc region. The initial state
of the dwarf, before any isolated evolution or mass removal, is included as the dotted (purple) line. The NR halo begins to deviate from this profile at 500 pc.
For reference, a radius of 3ǫ is denoted on the plot. Bottom Right: the fractional deviation in density of the mass removal cases divided by the NR profile. The
right two panels display averaged profiles in order to reduce shot noise. The errors displayed are the associated errors in the mean.
4.2.1 Effects of fast and slow loss of baryons
The change in maximum circular velocity, vmax, after each dwarf
galaxy’s isolated evolution is given in Table 1. The NR case, lists
the vmax from the initial conditions and after 10 dynamical times
of isolated evolution as the initial and final values, respectively. All
results are compared to the final isolated NR vmax value, which
represents the preferred equilibrium state of the dwarf galaxy.
Fig. 2 shows the density and circular velocity profiles of the
dwarfs at their final moment of isolated evolution. We see that the
removal of baryons after the halo has formed, via instantaneous
mass removal (IR) or exponential mass removal (ER), dramati-
cally reduced the circular velocity and density profiles of the dwarfs
without changing their shape. The haloes have responded to mass-
loss by adiabatically expanding. Our adiabatic expansion model,
explained in Section 3.3, matches the circular velocity profile of
the IR and ER mass removal dwarfs using an α = 0.8 to reduce
vmax and increase rmax.
In contrast, the removal of baryons before the halo has formed,
as in the pre-halo formation mass removal (PR) case, caused vmax
to decrease without an increase in rmax. The baryons were not ex-
pelled from the halo but prevented from infalling so this halo did
not undergo adiabatic expansion. Therefore, this halo has a larger
density normalization, as discussed in Section 3.3.
The density profiles of the four dwarfs are most different
within the central 1 kpc. To better examine the central 50 pc to
1 kpc region of the dwarfs, the right two panels in Fig. 2 display
the density profiles in the innermost regions. Comparing the inner
density profile of the initial NFW halo and the evolved NR density
profile they only differ within the central 500 pc.
Fig. 2 also shows the three mass removal cases normalized
by the NR density profile. As predicted by Section 4.1, the IR and
ER mass removal prescriptions undergo adiabatic expansion and
produce ρ/ρ0 ∼ 0.5. The PR halo has equilibrium mass removal so
ρ/ρ0 ∼ 0.8, as α reduces the mass at every radius but the halo does
not expand. The shape of all density profiles after mass removal
did not change. No cores were created with or without adiabatic
expansion, in agreement with Gnedin & Zhao (2002).
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Since the expansion of a given DM halo will depend on the
mass fraction removed from the halo, the cases we have explored
examine the maximum and minimum effects of baryon removal.
We tested the minimum removal case, where the halo forms baryon
deficient (PR), and the maximum cases, where the halo suddenly
removes 20 per cent of its mass (ER and IR) and adjusts adiabati-
cally. If a particular halo has a low gas fraction it will experience
less dramatic adiabatic expansion. In the case of our hydrodynami-
cal simulations, the halo is approximated to adiabatically expanded
with a constant α = 0.84, which would produce a halo between
the PR and ER profiles, with ρ/ρ0 ∼ 0.6 in the inner region. We
expect that the IR and ER cases will be more susceptible to tidal
stripping than the PR case as they have experienced an increase in
rmax.
5 EFFECTS OF TIDAL STRIPPING
5.1 Truncation radius: analytical estimates
In order to examine how the concentration of baryons in the inner
part of the MW halo impacts a subhalo, we begin by presenting
analytical estimates of the subhalo’s tidal radius, depending on its
mass, the main halo mass, its distance from the main halo and the
inclusion or absence of baryons in the centre of the primary. One
needs to be aware that the fate of the dwarf strongly depends on
the tidal radius, rt, to which it is stripped. We later show that if
rt > 4rs, there is no significant evolution of vmax. However, tidal
stripping can even alter the very centre of the dwarf when rt <
2rs ∼ rmax. So there is a transition at rt ∼ 2rs with a small effect
for larger rt and drastic stripping at smaller tidal radii.
If the subhalo has a mass profile of m(r), which orbits a halo
with mass profile of M(R) at a radius R, then the tidal radius for
the subhalo, rtide, is defined as the radius of the subhalo at which
the gravitational force on a test particle from the subhalo equals the
difference of the gravitational force (tidal force) from the halo on
the subhalo and the test particle (see e.g. Klypin et al. 1999a),
G
m(rtide)
r2tide
= − ∂
∂R
[
GM(R)
R2
]
rtide . (10)
m(rtide)
r3tide
=
M(R)
R3
[
2− R
M
∂M
∂R
]
. (11)
The subhalo can also be stripped to an even smaller radius defined
by resonances between the gravitational force from the subhalo and
the tidal force from the halo. This resonant radius can be obtained
by solving the following equation:
m(rres)
r3res
=
M(R)
R3
. (12)
The smaller of rtide and rres is taken as the truncation radius. This
is denoted by rt and defined as the radius to which the subhalo is
stripped.
For haloes following the NFW density profile, the mass profile
m(r) is given by
m(r) =Mvir
µ(x)
µ(cvir)
, x ≡ r
rs
, (13)
where rs is the scale radius of the halo and is related to the virial
radius of the halo through the concentration parameter, cvir =
rvir/rs, and the function µ(x) is given by equation (2). We assume
that the subhalo mass profile follows the above distribution.
The main halo includes a DM component that follows the
NFW profile and a baryonic component that is concentrated at the
Figure 3. Dependence of the satellite truncation radius (in units of the scale
radius) on the radial distance from the centre of its host halo. Satellites of
varying masses (Msat = 1010, 3 × 1010 and 1011 M⊙) are shown from
top to bottom in black, red and blue, respectively. Dashed lines show the
truncation radii for satellites orbiting in the presence of a pure NFW halo
(Mvir = 1.4×1012 M⊙) as contrasted with solid lines of the same colour
showing a primary halo that also contains baryons (Mdisc = 6×1010 M⊙)
that coalesced at the centre of the halo. The horizontal dotted line denotes
rt = 2.2rs. The internal structure of subhaloes can be dramatically affected
when their orbits include pericentric passages with truncation radii below
2.2rs.
centre of the halo and is well inside the orbit of the satellite. There-
fore, the total mass profile of the halo is given by
M(R) =Mbar +Mvir(1− fb) µ(x)
µ(Cvir)
, (14)
where x = R/Rvir and Cvir is the concentration of the halo. The
parameter fb is the fraction of the virial mass that is in the baryonic
component: fb = Ωbar/Ωmatter . Here, Ωbar and Ωmatter are the
contributions of the baryons and the total matter as compared to
the critical density of the Universe, respectively. We assume that the
baryonic mass of the halo isMbar = 6×1010 M⊙, consistent with
the baryonic mass estimates for the MW (e.g., Dehnen & Binney
1998; Klypin, Zhao, & Somerville 2002).
To determine the truncation radius, rt, we substitute the mass
profiles for the subhalo (equation 13) and the main halo (equa-
tion 14) into the tidal and resonant radii equations (11) and (12).
A range of subhalo masses are used to examine how the mass of
both the primary and secondary impacts tidal stripping.
The results of these calculations are in Fig. 3, which depicts
the dependence of the satellite truncation radius (in units of the
scale radius) on the radial distance from the centre of its host halo.
Decreasing values of rt/rs indicate more tidal stripping because,
as the tidal radius approaches the scale radius of the satellite, an in-
creasing amount of mass is stripped. The maximum circular veloc-
ity occurs at a scale radius rs = 2.2; so when rt/rs ∼ 2, internal
structure is affected. Satellites of varying masses are shown with
different colours. Smaller haloes collapse earlier, increasing their
concentration. This results in a larger density at rs, causing the less
massive satellites to be more resilient against tidal stripping.
Fig. 3 includes results from an NFW main halo (Mvir =
1.4 × 1012 M⊙) with and without a fraction of the baryons
(Mdisc = 6 × 1010 M⊙) coalesced at the centre. The pure NFW
halo mimics cosmological simulations, where baryons are assumed
to trace the DM in an unbiased way. The impact of including a
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disc component is clearly seen for orbits with pericentres within
∼ 30 kpc. At this radius, each satellite’s tidal radius decreases by
∼ 14 per cent, which is a significant effect. For orbits with peri-
centres within ∼ 20 kpc, the satellites will be destroyed under
the influence of a MW with or without a disc component because
rt/rs . 1. In contrast, if the pericentre is greater than 100 kpc,
then rt/rs > 4 regardless of whether a disc component is included
or not, which produces weak tidal stripping.
For the regime of orbits with 30 kpc . r . 100 kpc, the inclu-
sion of a disc has a more subtle but important effect. From 30 kpc .
r . 60 kpc the satellites have obviously strong tidal stripping if the
MW disc is included. Orbits with 60 kpc . r . 100 kpc may also
undergo increased tidal stripping and should be examined further.
We predict that the inclusion of a disc for orbits with these pericen-
tres results in an important regime of mass-loss and circular veloc-
ity decrease. As such, we have created N-body simulations of satel-
lites on elliptical orbits with pericentres between 30 and 70 kpc, to
investigate this region.
5.2 Effects of tidal stripping in N-body simulations
Each of our three dwarf galaxy mass removal cases had 20 per cent
of its mass removed, but they produced different maximum circu-
lar velocity values and central density profiles. Instantaneous mass
removal (IR) and exponential mass removal (ER) scenarios both
resulted in a 20 per cent reduction in vmax due to adiabatic expan-
sion. The pre-halo formation mass removal (PR) scenario did not
undergo adiabatic expansion; therefore, its vmax only decreased by
10 per cent in isolation. See Section 4.2 for the mass removal de-
scription and results.
After each dwarf evolved in isolation, they were put into a
variety of circular and elliptical orbits around a MW-like host as
described in Section 3.2.3 and listed in Table 2. Comparing the
orbital evolution of these three haloes will provide insight into how
pericentre, number of orbits completed, and central density of the
satellite impact their structural and vmax evolution.
5.2.1 Circular orbits
Four different dwarfs were placed in circular orbits around the
MW perturber. The NR dwarf, which had evolved in isolation,
was placed around a pure NFW perturber to mimic the results of
DM-only simulations. The three mass removal dwarfs – two that
showed adiabatic expansion (IR and ER) and one without (PR) –
were placed in circular orbits around a MW perturber with an NFW
and spheroidal exponential ‘disc’ component. All satellites ran in
their orbits for 5 Gyr with initial and final maximum circular veloc-
ities listed in Table 2.
We investigated two orbital regimes (i) at r > 100 kpc where
the mass-loss was expected to be low based on our truncation radius
analysis (rt/rs > 4) and (ii) at 30 kpc < r < 100 kpc where the
truncation radius ratio had values between 2 < rt/rs < 5. This
second regime is a sensitive area where a large amount of mass
may be lost. Pericentre passages within 30 kpc, rt/rs < 2, would
result in extreme tidal stripping for the satellite regardless of its
mass or central density.
To investigate the first regime, circular orbits at 150 and
100 kpc were created. The truncation radius to scale radius ratio
(rt/rs) is large at this orbital distance (NR with a pure NFW MW:
rt/rs = 8.7 at 150 kpc and rt/rs = 6.3 at 100 kpc). Due to
the large rt/rs value, very little matter would be stripped from the
Figure 4. Evolution of the circular velocity profiles for two mass removal
satellites throughout their 50 kpc circular orbits. The exponential mass re-
moval (ER) satellite is shown in solid lines. The upper and lower black
lines indicate its initial and final states, respectively, while the grey lines in
between are each separated by 1 Gyr. After 5 Gyr, the satellite’s vmax has
been stripped from 50 to 10 km s−1. The initial and final state of the instan-
taneous mass removal (IR) case is shown as dashed lines for comparison.
The black squares are observational data points of the half-light velocities
for the classical LG dSphs from Walker et al. (2009).
satellite even after a long time period in these orbits. This was con-
firmed by our results listed in Table 2, where the 150 kpc orbits for
the NR case showed only a 5 per cent change in the satellite’s vmax
after 5 Gyr of orbital evolution.
Even in distant orbits, the combined effects of including
baryons in simulations, namely mass removal with subsequent adi-
abatic expansion and the inclusion of a baryonic disc in the host,
doubled the reduction in vmax from 5 to 10 per cent (for 150 kpc
orbit) and 11 to 22 per cent (for 100 kpc orbit), as given in Table 2.
Mass-loss was even more significant than the change in vmax, with
losses of 60 per cent in a 150 kpc orbit and 80 per cent in a 100 kpc
orbit for the ER case. This shows that the evolutionary history of
galaxies in pure DM simulations may produce incorrect subhalo
masses at redshift zero, even if they do not interact closely with
their hosts.
Closer circular orbits at 70 and 50 kpc were run to examine
more extreme tidal stripping. Although the haloes had different
rt/rs values, all underwent significant mass-loss during 5 Gyr. The
most dramatic of these were the ER and IR 50 kpc orbits, where
rt/rs = 2.2. Fig. 4 displays the significant tidal stripping satellites
experience when orbiting close to their host, by examining their cir-
cular velocity profiles. The ER case is shown every Gyr throughout
its 50 kpc circular orbit, and the initial and final IR profiles are
shown for comparison. This allows one to trace the evolution of the
entire circular velocity profile for this specific case. The vmax and
rmax of the ER case decreased with time until the final satellite has
vmax = 10 km s−1, with a significant fraction of bound mass ex-
isting as tidal features. At 2 Gyr, the vmax has decreased by 40 per
cent, converting a 51 km s−1 subhalo to a much smaller 30 km s−1
satellite. Although the ER and IR cases began with similar circu-
lar velocity and density profiles, the final IR case is slightly more
disrupted than the ER subhalo, which retained a small satellite core.
Observational data points of the half-light velocities for the
classical LG dSphs are shown in Fig. 4 as well. The initial ER pro-
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Figure 5. Comparison of our elliptical orbits to observations of the MW satellites from Walker et al. (2009) (black squares) and the Aquarius E halo’s ‘massive
failures’ from the analysis of Boylan-Kolchin et al. (2012) (thick grey lines). Left: the circular velocity profiles of the NR case. This profile does not agree
with the MW dSph population and was created to mimic the Aquarius cosmological simulations by not including the effects of baryons. Right: the circular
velocity profiles of the exponential mass removal (ER) case. These profiles span a much larger range of parameter space and are in agreement with observed
MW dwarfs due to their inclusion of baryonic effects. Both panels show the initial isolated profile as a solid black line. The elliptical orbits after 5 Gyr of
evolution are shown from top to bottom as 150–70 kpc (dotted), 150–50 kpc (short dashed), 150–30 kpc (dot–dashed) and 120–30 kpc (long dashed). The
50 kpc circular orbit is shown as the bottom most triple dot–dashed line (red) for reference of the most dramatic orbital evolution of our simulations.
file is too massive to be consistent with the majority of LG dSphs
but is consistent at 2σ with Draco, the data point just above it, and
Leo II, the data point with the smallest radius value. At the end of
5 Gyr of evolution, the satellite is capable of matching all observed
LG dSphs at some point in its evolutionary history. The sudden ex-
pulsion of baryons combined with orbiting a MW potential with
a disc component has converted a massive satellite, incapable of
matching any of the LG dSphs, into a dwarf that matches a given
observed dSph at a fixed time in its evolution. As seen in the evolu-
tion of the circular velocity profiles, satellites with rt/rs = 2.2 are
capable of undergoing extreme disruption and possibly becoming
completely destroyed. We will further examine the tidal disruption
for different satellites in our elliptical orbits.
5.2.2 Elliptical orbits
All four mass removal cases were placed on elliptical orbits and
ran for 6 Gyr. These orbits have apocentre–pericentres of 150–70,
150–50, 150–30, and 120–30 kpc. As discussed in Section 3.2.3,
these orbits were selected in order to examine an interesting range
of truncation radii (1 < rt/rs < 5) and be realistic generalizations
of classical LG dSphs orbits. The initial and final maximum circular
velocities for the elliptical orbits are listed in Table 2.
As a comparison between the satellites run in elliptical orbits,
Fig. 5 shows the circular velocity profiles of the NR dwarf (left-
hand panel) and the ER dwarf (right-hand panel). We plot our re-
sults for the isolated NR and ER haloes as well as the results of
all elliptical orbits and the 50 kpc circular orbit at 5 Gyr. This fig-
ure also includes observational data points of the half-light veloci-
ties for the classical LG dSphs and lines from Boylan-Kolchin et al.
(2012) fig. 3 for the Aquarius E halo.
The initial NR subhalo was created in order to match cosmo-
logical simulations, without baryon removal and without a MW
disc component. The circular velocity profile for the NR halo does
not agree within 2σ with observed MW dSphs, mimicking the high
mass of the Aquarius ‘too big to fail’ satellites. The initial ER satel-
lite is in better agreement with observations because it includes
baryonic mass removal before orbital evolution. This demonstrates
the importance of baryonic removal in creating agreement between
cosmological simulations and observations. The magnitude of the
initial halo’s transformation depends on the amount and timing of
mass removal from the halo.
In agreement with the results of Boylan-Kolchin et al. (2012),
many elliptical and circular orbits for our ‘cosmological’ simula-
tion of the NR halo remained inconsistent with observations of MW
dSphs after 5 Gyr of orbital evolution. Only with an extremely close
circular orbit (50 kpc) or a 120–30 kpc elliptical orbit does the NR
satellites agree with Draco at 1σ.
The results for the ER halo are in much better agreement with
the entire population of LG dSphs. As the ER satellite included
both mass removal and a MW disc component, we find it is criti-
cal to compare observed dSphs to simulations including baryonic
effects. This is true regardless of the orbit chosen, as even distant
elliptical orbits around a MW with a disc would undergo substantial
tidal stripping.
The PR halo was formed with 80 per cent mass of the NR halo
in equilibrium so it did not undergo adiabatic expansion. Due to its
larger initial circular velocity profile than the ER case (as seen in
Fig. 2) it undergoes less dramatic tidal evolution. After 5 Gyr, this
halo agrees with Draco on its 150–70, 150–50 and 150–30 kpc el-
liptical orbits. Additionally, it is in agreement with the initial circu-
lar velocity profile of the ER halo on its 120–30 kpc elliptical orbit
after 5 Gyr and the 150–30 kpc orbit after 6 Gyr.
The importance of including the MW disc is seen from these
results as tidal stripping significantly reduces the mass and vmax
of the dwarfs. By combining baryon removal and orbital evolution
around a MW including a disc component our initially inconsistent
dwarfs are able to match the observed LG dSph population. How-
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Figure 6. Mass evolution and fractional change in maximum circular velocity (vmax/vmax,i) for the pre-halo formation mass removal (PR) satellite, on the
left, and exponential mass removal (ER) satellite, on the right. The four elliptical orbits: 1:2e (150 kpc to 70 kpc), 1:3e (150 kpc to 50 kpc), 1:4e (120 kpc
to 30 kpc) and 1:5e (150 kpc to 30 kpc) are shown. Mass continually decreases throughout the 6 Gyr of evolution. Pericentre passages occur at the steep
drops in both mass and vmax. The 1:4e and 1:5e orbits have the same pericentre distance of 30 kpc, with the difference being their apocentres. The 1:5e
orbit experiences less mass and vmax loss at a given time because of the longer time to complete one orbit. If this time-scale is taken into account, the same
pericentre distances create very similar evolutionary histories.
ever, we find that simply including a disc component in the MW
is not sufficient to create agreement between our dwarf and the
LG dSph population. The PR and ER haloes have the same total
mass and evolve on the same orbits, meaning their internal struc-
ture drives the differences between their final profiles. Baryonic re-
moval from already formed haloes must be included in addition to
orbital evolution around a MW with a disc component in order to
match the entire LG dSph population.
Fig. 6 shows the evolution of mass and fractional maximum
circular velocity (vmax/vmax,i) for all PR and ER elliptical orbits
over 6 Gyr. As the satellites began their orbits, they immediately
lost a substantial amount of mass under the tidal influence of the
MW. Most dwarfs lost half their mass at their first pericentric pas-
sage and by their second pericentre some satellites had only one
fifth of their mass remaining.
Pericentres are marked by ‘steps’ or ‘bounces’ in the circular
velocity and mass evolution, respectively. Although, mass is lost
continuously throughout an orbit, vmax only changes significantly
at each pericentre. The slight increase in mass at pericentre is due to
mass in the tidal features temporarily becoming bound to the satel-
lite. We found vmax to be a more robust parameter for describing
the transformation a satellite has undergone throughout its orbit.
As expected, orbits with closer pericentres experience more
dramatic tidal stripping as seen from their mass-loss and reduction
in vmax. Interestingly, the 150–30 kpc (1:5e) and 120–30 kpc (1:4e)
orbits have approximately the same change in mass and vmax after
the same number of pericentre approaches. Although they have dif-
ferent apocentres and ellipticities, the similarity between their tidal
evolutions shows that pericentre distance, and consequently tidal
radius, is a good indicator of total tidal stripping.
A more accessible parameter for observers is a measurement
of the circular velocity within the central region of the galaxy. The
evolution of circular velocity at 500 pc proceeds similarly to the
vmax evolution. The circular velocity steps down with each peri-
centric passage and remains constant for the remainder of the orbit.
The initial v500 has a value of 21.5 km s−1 for the ER case and has
final values in the range of 14 to 19 km s−1 for 6 Gyr of evolution
in elliptical orbits.
Throughout their orbital evolution, the satellites lose most of
their mass from the outer regions, steepening the outer density pro-
file. The inner regions are less susceptible to tides and retain their
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Figure 7. Results of tidal stripping for the mass and vmax of a satellite af-
ter 5 Gyr. Symbols indicate different orbits with open symbols for circular
orbits and filled symbols for elliptical orbits. The colours indicate different
satellite cases: red for exponential removal, blue for pre-halo formation re-
moval and black for no removal. Different satellite cases (colours) with the
same orbit (symbol) always occur from left to right as ER, PR and then NR,
with increasing values of rt/rs. The fraction of mass retained increases lin-
early with increasing rt/rs so that the NR case always has the largest final
mass fraction. When rt/rs is below 4, tidal stripping is very important, as
seen by the significant mass-loss and decrease in vmax,f/vmax,i. The solid
black lines display our model for tidal stripping by iteratively removing all
unbound particles and recalculating the tidal radius. The results of 10 and
30 iterations are the top and bottom solid lines, respectively.
cuspy shape even after significant mass-loss, in agreement with
Hayashi et al. (2003) and Pen˜arrubia et al. (2010). Additionally, the
density profile of each satellite develops a break radius feature in
the outer regions, which evolves with time (see Pen˜arrubia et al.
2008, 2009, 2010).
The structure of the halo is determined by the amount of mass
lost (as discussed in Hayashi et al. 2003; Pen˜arrubia et al. 2008,
2010). We have found that pericentric distance and tidal radius are
able to predict the tidal stripping of a halo. In order to examine this
in detail, we investigated how changing the ellipticity and pericen-
tre affected mass removal, based on rt/rs. In Fig. 7, we show the
fractional change in mass and vmax after 5 Gyr in relation to the
rt/rs of each satellite. We calculated the truncation radius of our
subhaloes at pericentre in the same method as used in Section 5.1.
Circular orbits have radii of 150, 100, 70 and 50 kpc, and elliptical
orbits have pericentres of 70, 50 and 30 kpc.
We input the analytic form of the MW mass, M(R), the peri-
centre, R, and the numerical isolated satellites’ mass profile, m(r),
into equations (11) and (12). The minimum of the tidal and reso-
nant radii for each satellite and pericentre combination was taken
as the truncation radius, rt and divided by the satellites’ rs to create
the value rt/rs.
In Fig. 7, we examined how the tidal radius impacts the mass-
loss after 5 Gyr of evolution. The satellite cases are plotted in dif-
ferent colours and symbols are used for different orbits, as listed
within the figure. Note that the instantaneous removal case is not
included as its tidal stripping and rt/rs values are almost identical
to the exponential removal case.
It is apparent that for satellites with large pericentres, rt/rs >
4, the tidal stripping is minimal. As expected, over half of a satel-
lite’s mass is lost, but the vmax does not suffer a similar reduction
and remains above 0.8 the initial value for these cases. For example,
the shift in rt/rs between the NR 150c and ER 150c points is due
to the adiabatic expansion of the mass removal haloes, which in-
creases their rs values. This gives smaller rt/rs values, while only
slightly lowering their vmax fraction.
However, for satellites on orbits that reach rt/rs ∼ 4 and
below, there is a broad range of possible mass-loss scenarios. In
this regime, a satellite’s mass can range from 0.3 to 0.05 times the
original total mass, and the circular velocity can drop from 0.8 to
0.2 its original value. This is a dramatic decrease, indicating that
tidal radius over scale radius at pericentre is an important parameter
for predicting mass-loss.
The rt/rs values of the PR haloes are significantly larger than
those of the ER haloes, as denoted by different colours with the
same symbols. The internal structure of the halo makes the PR
cases resistant against tidal stripping so that the satellite does not
experience as large a reduction in vmax or mass.
As circular orbits are always at the same distance, they are
able to reduce their mass and vmax more during a fixed time than
an elliptical orbit with the same pericentre. Points with the same
rt/rs value indicate that they have the same pericentre making for
an easy comparison between points that lie on vertical lines. For ex-
ample, the 70 kpc circular orbit (70c) and the 150–70 kpc elliptical
orbit (1:2e) have the same rt/rs for each satellite case of a single
colour. The vertical separation between these pairs of points is due
the length of time that the satellites are near the primary.
Although satellites on circular orbits undergo a larger number
of orbits around the MW in the same amount of time as the el-
liptical orbits, the tidal forcing they feel is constant throughout all
time. This means that tidal truncation is the main method of mass
removal, without tidal shocks. We have included our tidal stripping
model, as described in Section 3.4, that mimics tidal truncation.
Unbound mass is iteratively removed from the satellite, and the
tidal radius is recalculated with each iteration. The results of this
model with 10 and 30 iterations are plotted in Fig. 7. Our simula-
tion results typically fall between these two lines, indicating that
the number of truncation episodes, a proxy for the number of peri-
centric passages, can account for the spread between points with
the same rt/rs value.
6 DISCUSSION
In this paper, we focus on examining if the inclusion of baryonic
effects is able to reduce the discrepancy between simulations of
DM subhaloes and observations of dSphs.
The progenitor presented in this work is likely to have a
M∗ ∼ 107 M⊙ for the initial 1010 M⊙ virial mass. We show that
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this halo undergoes a severe reduction in vmax and Mvir depend-
ing on its orbit and method of baryon removal. Our simulations can
produce Fornax like objects with significant Mvir reduction during
tidal stripping and little evolution in M∗.
Less luminous dSphs must have progenitors with far lower to-
tal stellar mass than the cases shown here. This may occur when
dIrrs are subjected to gas removal at an early epoch that shuts off
SF and results in low stellar masses today. As an example, we ex-
amine Draco and Ursa Minor, which have M∗ ∼ 3 × 105 M⊙
(McConnachie 2012), are at similar distances DMW ∼ 76 kpc
(McConnachie 2012) and are expected to inhabit haloes with
vmax ∼ 25 km s−1. Both show SF occurring at early times and
shutting down 10 Gyr ago (Grebel 1998), implying their accretion
around redshift two. Therefore, the low stellar mass of objects such
as Draco is a result of the shut-down of SF after early accretion on
to the MW.
In our simulations, we show how a gas-rich dwarf may un-
dergo significant evolution by including the effects of baryons. We
are not advocating that only objects with Mvir = 3 × 1010 M⊙
are able to create dSphs, but that baryonic effects can significantly
alter the evolutionary history of satellites and must be taken into
account. We illustrate the power of baryon removal and tidal strip-
ping when including a disc in the MW and caution against using
collisionless simulations when claiming discrepancies between ob-
servations and simulations of small-scale structure. Our conclusion
is therefore that baryons must be included when examining the ‘too
big to fail’ problem.
Our baryon removal mechanism in the ER and IR cases relies
on gas removal from a formed galaxy. Alternatively, the PR halo
represents the case where a halo formed in a baryon deficient envi-
ronment. After 5 Gyr of evolution in a 150 to 30 kpc elliptical orbit
the NR, PR and ER haloes had vmax = 51, 40 and 30 km s−1, re-
spectively. Baryon removal and the inclusion of a MW disc compo-
nent are important parts to resolving the presence of substructures
in simulations that are too massive to host LG dSphs.
Sudden baryon removal is more efficient in transforming a
massive dwarf galaxy into a low-mass satellite than baryon removal
before the halo forms. A likely culprit for sudden removal is ram
pressure stripping of a dIrr as it falls into a host halo.
Due to the environmental requirement for the dIrr–dSph trans-
formation, isolated dIrrs may hold the key to solving the ‘too big
to fail’ problem. If so, a field dIrr would have the same stellar
mass within the tidal radius as a dSph; however, it would also in-
clude a gaseous component and a larger DM density. Ram pressure
stripping would remove the gaseous component, causing the halo
to adiabatically expand, and DM and stars would subsequently be
stripped throughout its orbital evolution, a theory we examined in
our hydrodynamical and IR and ER N-body simulations.
Observational evidence for different dSph progenitor models
may be found by examining the central densities of dIrrs. Gas-rich
field dwarfs should have higher central DM densities than dSphs as
they have not undergone tidal stripping or baryon removal. How-
ever, the physical properties of the dSphs progenitors are unknown.
Furthermore, there is a large intrinsic spread in concentrations and
central DM densities for a given halo mass. This makes it extremely
difficult to compare dIrrs and dSphs.
This has recently been examined in a statistical sense by
Ferrero et al. (2012). Using published H I data for a range of stellar
masses, they compare the enclosed mass of dwarf galaxies and find
that they inhabit lower mass haloes than expected from abundance
matching and semi-analytic models. These results can be under-
stood if the H I measurements underestimate the circular velocity
of the galaxies or if the abundance of dwarfs with stellar masses
below 108.5 M⊙ has been strongly underestimated. Further exam-
ination of isolated dIrrs is important to confirm or deny the baryon
removal models implemented in this paper.
An additional complexity in the study of substructure is the
central density of satellites. We have not examined core creation
in these simulations, as this requires repeated mass blowout events
(see Section 1 for more discussion). The final density profiles of
our satellites were steepened in the outer regions where mass was
preferentially removed. In the inner regions, the density profile re-
mained cuspy and retained the initial NFW shape. The creation of
cored profiles has been found to resolve the ‘too big to fail’ prob-
lem (Brooks & Zolotov 2012; Zolotov et al. 2012) and would agree
with recent observations of LG dSphs (e.g. Walker & Pen˜arrubia
2011; Amorisco & Evans 2012).
7 CONCLUSIONS
One of the goals of this paper is to resolve some of the small-scale
problems of the standard Λ cold dark matter model, namely the
apparent overabundance of satellites with 30 km s−1 < vmax <
50 km s−1 (Boylan-Kolchin et al. 2011, 2012). In line with other
recent results of cosmological simulations of galaxy formation
(Brooks & Zolotov 2012; Zolotov et al. 2012), we argue that the
solution of the problem is in the gas physics of forming dwarf
galaxies. By posing the question ‘what are the effects of baryons
on dwarf galaxies,’ we hope to examine just one aspect of the in-
creasingly complicated fields of galaxy formation and evolution.
Most of the existing theoretical predictions and constraints on
the abundance and structure of small satellites (substructures) are
made using N-body simulations. Because observed dwarf galaxies
in the MW are heavily dominated by the DM, one expects that there
is little impact of baryonic physics on the structure of dwarf satel-
lites. However, this appears not to be true; the corrections due to
baryons are significantly larger than one would naively expect.
Baryon removal may reduce the maximum circular velocities
of satellites enough to explain the ‘too big to fail’ problem. The
central mass distribution of a dwarf may be substantially altered
both by gas removal at infall and by tidal stripping due to the
host galaxy. N-body simulations underestimate stripping because
(i) baryons are not removed from the dwarf and (ii) the mass of the
host is not enhanced by infalling baryons. Accounting for these ef-
fects can alter the circular velocity profiles of the subhaloes, such
that they are ‘small enough to succeed’ in explaining the observed
structure of the MW dSphs.
We used a number of methods to investigate how baryonic
physics impacts the structure of a dwarf spheroidal. We ran hydro-
dynamical cosmological simulations, high-resolution N-body sim-
ulations and an adiabatic expansion model to examine the effects of
baryon removal from dwarf galaxies. The impact of tidal stripping
on dwarf galaxies was explored using a series of high-resolution
N-body simulations and two analytical models.
Our two high-resolution cosmological simulations were run
with and without gas removal. The gas removal case was created to
reproduce the heating and removal of gas as a dIrr falls into a host
galaxy. This dwarf expanded adiabatically in response to the mass-
loss. Baryon removal from the N-body simulations also resulted
in adiabatic expansion for our exponential and instantaneous mass
removal cases. The rate of removal of the gas does not affect the
final results. In other words, both fast and slow removal provide the
same amount of expansion.
The gas removal results were modelled with the
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Blumenthal et al. (1986) prescription for adiabatic expansion.
Mass removal causes dwarfs to both expand and lower their
circular velocities. The magnitude of the expansion depends on
the fraction of mass removed and on the slope of the density. In
the case when the same fraction of mass is removed independent
of radius, the shape of the density profile does not change. The
maximum decline in the density, according to adiabatic expansion
model, is equal to (1− fb)4, where fb is the cosmological fraction
of baryons. This decline is expected to happen for galaxies with
constant density cores. For galaxies with cusps, the decline is
smaller. For the NFW β = 1 cusp, the decline is still substantial
with ρf/ρi = (1 − fb)3. If we assume that the mass removed is
the cosmological average fraction, then ρf/ρi ≈ 0.5.
We tested a series of circular and elliptical orbits for each
dwarf with high-resolution N-body simulations. Without baryon re-
moval, tidal stripping during an orbit around a pure NFW host is
insufficient to reconcile a ‘too big to fail’ satellite with observed
dSphs. Our NR dwarf does not agree with the half-light velocities
of the LG dSph population after 5 Gyr of evolution in circular or
elliptical orbits.
The combination of tidal evolution around a MW with both
an NFW and disc component and baryonic removal with adiabatic
expansion was tested with the exponential and instantaneous mass
removal dwarfs. Both experienced large amounts of mass removal
and a significant reduction in vmax. This brought them into agree-
ment with every LG dSph over the course of at least one of the
elliptical or circular orbits.
Tidal evolution alone was also examined in our pre-halo for-
mation mass removal dwarf. This subhalo had the same mass as
our other baryon removal cases but without adiabatic expansion.
It experienced weaker tidal stripping due to its large inner density
profile, making it compatible only with the five most massive LG
dSph population after evolution in elliptical and circular orbits.
In order to quantify how the inner regions of the dwarf are im-
pacted due to tidal stripping, we created two analytical models. The
first calculated how a dwarf’s tidal radius changes depending on the
mass of the dwarf, the mass of the primary, the distance from the
main halo and the inclusion or absence of baryons in the central re-
gion of the host. We found that rt/rs, the tidal radius over the scale
radius of the satellite, is able to predict the strength of tidal strip-
ping. When rt/rs is greater than 4, there is no significant evolution
in vmax. However, when rt/rs is less than 2, the central region of
the dwarf is subject to tidal forces and may be significantly altered.
The second analytical model for tidal stripping iteratively
removed unbound particles, estimated the correct adiabatic expan-
sion the halo would undergo from this amount of removal and then
recalculated the tidal radius. This model was able to reproduce
our N-body simulations in the context of reduction in vmax and
mass as a function of rt/rs and time in orbit. We find that each
iteration continues to remove some fraction of the particles without
convergence on a single value.
Our main conclusions are as follows.
(i) Our simulations demonstrate that pure N-body simulations,
which incorrectly assume a universal fraction of baryons every-
where, are unable to match observations of LG dSphs, as found
in the Boylan-Kolchin et al. (2012) analysis of the Aquarius simu-
lations.
(ii) However, inclusion of baryon removal (of the order of 20 per
cent) with adiabatic expansion is very effective, bringing initially
extremely massive dwarfs into agreement with observations before
any orbital evolution.
(iii) Including the effects of tidal stripping without expansion
due to baryon removal is insufficient to reproduce the entire ob-
served dSph population for the case of an initially massive dwarf.
(iv) The inclusion of both baryon removal with adiabatic expan-
sion and tidal stripping is extremely powerful, capable of trans-
forming an initially incompatible dwarf into one that agrees with
the entire LG dSph population.
(v) Dwarfs undergo continual mass removal and reduction in
vmax at each pericentre passage. These values do not converge even
after 6 Gyr of evolution.
(vi) Tidal radius over scale radius, rt/rs, is an important pa-
rameter for understanding the potential mass and vmax loss of a
dwarf. If rt/rs is less than 4, satellites may become substantially
disrupted, depending on the number of times they orbit their host.
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